Background We investigated the individual and additive effects of three modifiable maternal metabolic factors, including pre-pregnancy overweight/obesity, gestational weight gain (GWG), and gestational diabetes mellitus (GDM), on early childhood growth trajectories and obesity risk. Methods A total of 1425 mother-offspring dyads (953 black and 472 white) from a longitudinal birth cohort were included in this study. Latent class growth modeling was performed to identify the trajectories of body mass index (BMI) from birth to 4 years in children. Poisson regression models were used to examine the associations between the maternal metabolic risk factors and child BMI trajectories and obesity risk at 4 years. Results We identified three discrete BMI trajectory groups, characterized as rising-high-BMI (12.6%), moderate-BMI (61.0%), or low-BMI (26.4%) growth. Both maternal pre-pregnancy obesity (adjusted relative risk [adjRR] = 1.96; 95% confidence interval [CI]: 1.36-2.83) and excessive GWG (adjRR = 1.71, 95% CI: 1.13-2.58) were significantly associated with the rising-high-BMI trajectory, as manifested by rapid weight gain during infancy and a stable but high BMI until 4 years. All three maternal metabolic indices were significantly associated with childhood obesity at age 4 years (adjRR for pre-pregnancy obesity = 2.24, 95% CI: 1.62-3.10; adjRR for excessive GWG = 1.46, 95% CI: 1.01-2.09; and adjRR for GDM = 2.14, 95% = 1.47-3.12). In addition, risk of rising-high BMI trajectory or obesity at age 4 years was stronger among mothers with more than one metabolic risk factor. We did not observe any difference in these associations by race. Conclusion Maternal pre-pregnancy obesity, excessive GWG, and GDM individually and jointly predict rapid growth and obesity at age 4 years in offspring, regardless of race. Interventions targeting maternal obesity and metabolism may prevent or slow the rate of development of childhood obesity.
Introduction
Childhood obesity has become one of the most serious public health challenges. In the United States, one-third of children and adolescents aged 2-19 years were overweight (16.2%) or obese (17.2%) in 2013-2014 [1] . Childhood obesity can cause a wide range of serious consequences later in the life course, such as adult obesity [2] [3] [4] , type 2 diabetes [5, 6] , cardiovascular disease [7, 8] , and may also have psychological or behavioral consequences [9] . It also has imposed a significant economic impact on the health care system [10] [11] [12] . It is critically important to identify risk factors for the development of childhood obesity and improve its early prevention and long-term health outcomes.
Accumulating evidence has strongly supported intrauterine events in the origins of childhood obesity. In particular, it has been suggested that maternal metabolic conditions during pregnancy, such as obesity and insulin resistance, may influence the fetal environment to ultimately affect long-term obesity risk in children [13] . Prior studies have suggested that prenatal metabolic-related factors, including maternal pre-pregnancy overweight/obesity, excess gestational weight gain (GWG), and gestational diabetes mellitus (GDM), may increase the risk for childhood obesity [14] [15] [16] [17] . However, there are still gaps in our knowledge regarding the associations of these prenatal metabolic factors with childhood growth and overweight/ obesity risk in offspring.
First, although childhood growth trajectories have been shown to be more predictive for obesity risk in later life than a single growth measurement [18] , very few studies have examined the associations between these prenatal metabolic factors and childhood growth trajectories [19, 20] . The prevalence of obesity is higher in African-American children than white children [21, 22] . However, compared with white populations, fewer studies have included blacks and many fewer have examined the potential racial-/ethnic-specific effects of these prenatal metabolic factors on child's growth and obesity risk within diverse samples [23] [24] [25] [26] . Finally, previous studies mostly focused on one or two maternal factors, and few have investigated the joint effects of these three major prenatal metabolic factors on children's growth and obesity risk in children. Therefore, the aim of this study was to systematically examine the individual and additive effects of the three modifiable maternal metabolic factors (pre-pregnancy overweight/obesity, GWG, and GDM) on childhood growth trajectories and obesity risk at age 4 years and to investigate the potential racial disparity in these effects using a longitudinal birth cohort of black and white mother-child dyads in the United States.
Subjects and methods

Study subjects
All the study mothers and children were from the Conditions Affecting Neurocognitive Development and Learning in Early Childhood (CANDLE) study. The CANDLE study is a prospective birth cohort of mother-child dyads in Shelby County, Tennessee. The study has been described previously [27] [28] [29] . Briefly, the CANDLE study enrolled 1503 healthy women aged 16-40 years during their second trimester of a singleton pregnancy between 2006 and 2011. Exclusion criteria included existing chronic disease requiring medication (e.g., hypertension, diabetes, and sickle cell disease), known pregnancy complications (e.g., complete placenta previa and oligohydramnios), and plans to deliver at a nonparticipating hospital [28] . Of 1455 live births, 1425 mother-child pairs were included in this study, including 953 black (66.9%) and 472 white (33.1%) mother-child pairs. The CANDLE study was conducted in accordance with the Declaration of Helsinki and approved by the Institutional Review Board of The University of Tennessee Health Science Center. Informed consent was given by participants 18 years or older, and assent was given by those 16-17.9 years, with consent provided by their legally authorized representative prior to enrollment.
Maternal measures
Self-administered questionnaires were used to collect information on age, race/ethnicity, education, insurance type, marital status, parity, cigarette smoking and alcohol use during pregnancy, and medical history at enrollment. At enrollment, trained research staff administered the Block Food Frequency Questionnaire (FFQ) was used to capture the mothers' nutritional intake during the previous 3 months and estimate total energy intake. Self-reported height and weight prior to pregnancy were collected at enrollment and used to calculate pre-pregnancy body mass index (BMI) as weight (in kilograms) divided by the square of height (in meters). Mothers were categorized as normal weight or underweight with BMI <25 kg/m 2 , overweight with 25 ≤ BMI <30 kg/m 2 and obese with BMI ≥30 kg/m 2 . GWG was calculated by subtracting pre-pregnancy weight from maternal weight at delivery and was categorized based on the recommendations of the Institute of Medicine: [30] underweight mothers (BMI <18.5 kg/m 2 ) who gained 12.7-18.1 kg, normal-weight mothers (18.5 ≤ BMI < 25 kg/m 2 ) who gained 11.3-15.9 kg, overweight mothers (25 ≤ BMI < 30 kg/m 2 ) who gained 6.8-11.3 kg, and obese mothers (BMI ≥30.0 kg/m 2 ) who gained 5.0-9.1 kg were categorized as adequate GWG; mothers who gained weight above or below this criterion were categorized as excessive or inadequate GWG, respectively. GDM was assessed by selfreport at the clinical visits during second and third trimesters and at delivery.
Child measures
Birth weight and length of the CANDLE children were extracted from medical charts by research assistants [31] .
The body weight and length/height were also measured at each annual visit until 4 years old using the methods guided by the NHANES protocol [32] . Body weight was measured using a digital scale. Recumbent length was obtained at the year-one visit and standing height was obtained for those 2 years or older. Centers for Disease Control and Prevention (CDC) has recommended to use the World Health Organization growth standards for children <2 years and the CDC growth charts for children aged 2-19 years to assess children's growth/obesity risk in the United States [33] . Since the obesity status at 4 years is a major outcome in this study, we calculated the sex-and age-specific BMI-z-score and percentile for each child using this recommended method by CDC. According to CDC, for children aged 2 years and older, childhood overweight was defined as a BMI at or above the 85th percentile and below the 95th percentile, and obesity was defined as a BMI at or above the 95th percentile. The information on breastfeeding was collected using the Infant Feeding Practices Questionnaire at the home visit at 4 weeks and the clinic visit at 1 year.
Statistical analysis
The characteristics between black and white mother-child pairs were compared using t tests for continuous variables and χ 2 tests for categorical variables. The latent class growth modeling approach was used to identify subgroups that shared a similar underlying trajectory based on children's BMI-z-scores using the SAS procedure PROC TRAJ [34, 35] . Selection of the best-fitting trajectory model was assessed using the Bayesian Information Criterion and the requirement of the number of subjects in each trajectory group no <5% of the total subjects. The number and percentage of individuals with available data for each predictor and outcome variable are shown in Supplementary  Table S1 . About 88.5% CANDLE children had at least two measurements of BMI at the five time points during the follow-up. Multiple imputations were conducted to account for both missing children's weight and height/length measurement data and mothers' predictor and covariate data with ten imputations based on the Markov-chain Monte Carlo method using the SAS procedure PROC IM. Because odds ratios (ORs) are likely to overstate risk of predictors for common outcomes and both the growth trajectory groups and obesity rate at age 4 years were common (over 10%), we calculated relative risks (RRs) for studied maternal metabolic factors instead of ORs. Two approaches, the log binomial regression and Poisson regression with robust variance estimation, have been used in prospective studies with common outcomes [36] [37] [38] . Sometimes log binomial regression models do not converge. We also experienced the same problem. Thus, we used Poisson regression with robust variance estimated to compute the RRs and 95% confidence intervals implemented through PROC GENMOD in SAS. To examine their independent effects, the three maternal characteristics were included in the Poisson regression models simultaneously. Potential confounding factors, including maternal demographic (age, race, and marital status), socioeconomic (education and insurance type), dietary and lifestyle during pregnancy (energy intake, alcohol drinking, and tobacco use), reproductive history (parity), and child factors (child sex), were included in the regression model. Considering that birth weight, gestational age, and breastfeeding may mediate the effects of prenatal metabolic factors on childhood growth and obesity, these factors were further included in the regression models to examine whether the studied maternal metabolic factors had additional effects on childhood outcomes independent of these potential mediators [20] . The interaction terms of these maternal metabolic factors with race were added in the regression models with the adjustment for all the aforementioned covariates to examine the potential differences in the associations between prenatal metabolic factors and childhood outcomes between blacks and whites. We also accessed the additive effects of the three maternal metabolic factors using a cumulative score (any two or all three factors) on children's growth. Data were analyzed using SAS (Version 9.4; SAS Institute, Cary, NC, USA). All statistical tests were two-sided, and a P value < 0.05 was considered statistically significant.
Results
The characteristics of the studied mother-child pairs are listed in Table 1 . Overall, black mothers were younger, completed fewer years of education, and were more likely to be single and have Medicaid/Medicare insurance compared to white mothers. In addition, black mothers had lower rates of smoking and alcohol drinking during pregnancy, but higher pre-pregnancy BMI than white mothers. There were no difference in GWG or GDM among the CANDLE mothers by race. The children born to black mothers had a lower birth weight and shorter length compared to those born to white mothers, and the prevalence of breastfeeding was also lower among black mothers. However, the BMI-z-scores at ages 1-4 years and overweight/ obesity rates at 4 years old were not significantly different between the children with black and white mothers.
A three-class model of postnatal growth was the bestfitting model in the trajectory analysis of the CANDLE children ( Fig. 1) . A large majority of the children (61.0% of the cohort) were classified as a moderate-BMI trajectory characterized by an average size at birth (the average BMIz-score close to zero) followed by a moderate-BMI-z-score gain rate and an average z-score ranging from 0 to 1. The second trajectory group (24.4% of the cohort) exhibited relatively lower birth size and rapid BMI gain during the first year and stayed at a relatively lower but normal BMI level (the average BMI-z-score ranging from −1 to 0, the low-BMI group). The third and final trajectory group (12.6% of the cohort) started from an average birth size followed by a rapid BMI gain during the first year and stable high BMI until 4 years old (the rising-high-BMI group). The BMI growth trajectories were similar between the children with black and those with white mothers.
The three maternal metabolic factors significantly varied among the growth trajectory groups (all P's < 0.05) ( Table 2) . Mothers with overweight/obesity, excessive GWG, and GDM were more likely to have children within the rising-high-BMI trajectory group. Both rapid weight gain and high BMI during early childhood may be associated with increased risk for obesity in later life [39] [40] [41] [42] . Therefore, we computed the RR for each maternal metabolic factor associated with the rising-high BMI trajectory. After adjusting for multiple confounding factors, pre-pregnancy obesity and excessive GWG were significantly associated with the risinghigh-BMI trajectory and an increased risk for obesity at age 4 years among the children (Table 3) . GDM was not independently associated with the rising-high-BMI trajectory, but was significantly associated with childhood obesity at age 4 years. Additional adjustment for the potential mediators, including birth weight, gestational age, and breastfeeding, slightly attenuated the associations, but the RRs still remained significant (Table 3 ). We also calculated the RRs of these maternal metabolic factors associated with the low-BMI trajectory. The association directions between these maternal factors and the low-BMI trajectory were opposite of those associated with rising-high BMI trajectory. For example, pre-pregnancy obesity was negatively associated with the low-BMI trajectory ( Supplementary Table S2 and Table S3 ).
We also examined the additive effects of the three maternal metabolic factors (1, 2, or 3 factors present) on childhood growth trajectory and obesity risk. The children's risk of being classified into the rising-high-BMI group and being obese at age 4 years increased with the increasing BMI-z age-and sex-specific body mass index-z-score a For comparisions between blacks and whites number of maternal adverse metabolic factors ( Table 4 ). The black and white subsamples did not differ in individual or additive effects of these three maternal metabolic factors on growth trajectories and childhood obesity risk (Supplementary Table S4 ).
Discussion
In this prospective birth cohort of black and white Americans, we identified three distinct BMI growth trajectories during early childhood. Two maternal metabolic risk factors, prepregnancy obesity and excessive GWG, were significantly associated with childhood growth trajectory, predicting increased risk for the trajectory characterized by rapid weight gain during the first year of life and stable high BMI until age 4 years (the rising-high-BMI group). We also found that three modifiable maternal metabolic factors (pre-pregnancy obesity, excessive GWG, and GDM) independently predicted increased risk for childhood obesity. Children of the mothers with a greater number of these metabolic risk factors had greater risk for having the rising-high-BMI trajectory and being obese during early childhood. Recent progress in statistical methods makes it possible to study the potential heterogeneity of BMI changes during early childhood. Individual children may belong to distinct BMI trajectories, which may confer different risks towards the subsequent development of obesity or other health outcomes. Although the numbers and patterns of the BMI trajectories are varied among populations due to different study designs (e.g., duration and frequency of follow-up assessments), the trajectories observed in our study, especially the rising-high-BMI trajectory, are consistent with those reported in previous studies [18, 20, 39, 43, 44] . The trajectories exhibiting either rapid BMI gain or stable high BMI have been linked with increased risk for obesity in later life [39] [40] [41] [42] , and even showed a better predictive value than a single time obesity assessment [18] . Aris et al. [18] found that the area under the receiver operating characteristics curve for predicting childhood obesity at 5 years was significantly higher in models that included BMI trajectories in the first 2 years compared to those including BMI at age 2 years only [18] . All these findings support the potential application of early childhood BMI trajectories in the prediction of health outcomes in later childhood, or even adulthood, and highlight the need to investigate risk factors for those BMI trajectories that are associated with adverse health outcomes in children.
In our study, both pre-pregnancy obesity and excessive GWG were significantly associated with the rising-high-BMI trajectory, which is in line with previous studies [18, 20, 43] . Most of the previous studies did not adjust for birth weight or gestational age at birth in their analyses; these factors might mediate the effects of the maternal metabolic factors on child growth and are therefore important to include [18, 20] . However, we found that prepregnancy obesity and excessive GWG were still significantly associated with increased risk for the rising-high BMI trajectory even after adjusting for the birth weight and gestational age, although their effects were attenuated. Additionally, we did not observe a significant association between GDM and the rising-high BMI trajectory, which is consistent with the recent study finding of a Spanish birth cohort [20] . CANDLE excluded existing diabetes patients at recruitment. Therefore, the relatively low GDM rate among the CANDLE mothers (4.7% in black and 6.6% in white mothers) might partially explain the negative findings due to a limited statistical power. It has been reported that the national prevalence of GDM was as high as 9.2% in an analysis in 2014 according to CDC [45] .
Although maternal pre-pregnancy obesity, excessive GWG, and GDM have been widely studied for their associations with birth and metabolic outcomes in children, very few studies have evaluated their independent effects (e.g., through adjustment for each other in a single model) or additive effects on childhood obesity risk [46, 47] . Our findings provide further evidence for their independent effects on childhood obesity which are only partially mediated by birth weight. In particular, the finding that children with mothers having a greater number of metabolic risk factors had a higher risk for childhood obesity will strongly support and guide the early intervention of each of these modifiable maternal factors for preventing obesity in offspring.
The possible mechanisms explaining the increased risk for obesity among the children with obese mothers include the inherited genetic susceptibility to obesity, the effects of maternal obesity on the intrauterine environment, and the maternal role in shaping the child's postnatal diet and physical activity [26, 48] . Excessive GWG indicates more maternal fat deposition and possibly a state of maternal abnormal metabolism [49] [50] [51] . This altered maternal environment may interplay with placental factors that lead to an increased supply of fuels to the fetus [52] . Another possible explanation for the association of GWG with offspring overweight/obesity is that mothers with greater GWG may have children who gain more weight through shared genetic susceptibility, dietary preferences, and physical activity patterns [53] . Several mechanisms linking GDM and the risk of offspring obesity have been suggested [54] . For example, exposure to maternal diabetes can lead to excess fetal growth in utero, possibly mainly due to an increase in fetal fat mass and alterations in fetal hormone profile. GDM can also result in hyperglycemia, hyperinsulinemia, and elevated leptin synthesis in offspring. In addition, GDM may cause epigenetic changes and influence the expression of genes that direct the accumulation of body fat or related metabolic pathways [55] .
It has been reported that African-American children have a greater prevalence of obesity than white children in the United States [21, 22] . We also observed a higher rate of obesity among black children at age 4 years compared to white children (17.9% vs. 13.8%), although the difference was not statistically significant, and the growth trajectories from birth through age four were very similar between the black and white children. We also did not identify any difference in the associations of the studied maternal metabolic risk factors with growth trajectories and obesity risk at age 4 years in the children, further suggesting parallel impact of maternal metabolic indices on growth across black and white children. The lack of differences by race may reflect increasing equalization of obesity risk for all race/ethnicities, or the relatively high rates of obesity for members of both groups in the South [56] . However, it is most likely due to our study's rigorous adjustment for obesity-related factors that often differ by race in research samples, such as income, education, and diet quality [22] .
Our study has several strengths. First, the longitudinal birth cohort with repeated anthropometric measures in the children enabled us to prospectively examine the effects of maternal prenatal factors with childhood growth and classify children into different growth trajectories, reflecting the BMI body mass index heterogeneity of BMI changes in early childhood. Our expanded data collection protocols allowed for the assessment of prenatal factors and the association with childhood growth and obesity risk while accounting for important potential confounders. Exclusion of women with existing diabetes at enrollment enabled the examination of diabetes newly developed during pregnancy which predict children's growth and risk for obesity. Finally, the inclusion of a large number of black and white women enabled generalization of findings to understudied populations as well as the examination of potential racial disparities in the associations of interest. Limitations include reliance on self-reported pre-pregnancy weight and height, which could lead to misclassification of pre-pregnancy obesity and metabolic indices. However, studies have shown that recall of these factors was reproducible and valid [57] and that underestimation [53] , which tends to be more frequent than overestimation, most likely would bias estimates toward the null [58] . Self-reported GDM during pregnancy may also limit the study power to detect the association between GDM and children's growth trajectories. Residual confounding may exist because we could not adjust for paternal factors, maternal family history of diabetes or other metabolic disorders, children's dietary intake, and physical activity which may also have potential effects on childhood obesity. Given the CANDLE mothers were from the South, which has a relatively higher prevalence of obesity, the generalization of study findings may be limited to populations with greater risk for obesity. Another limitation is that the variability in the BMI trajectory groups may have not been fully captured due to the restricted sample size. Finally, the smaller numbers of white compared to black women in our sample might undermine the study power to detect racial disparities in these BMI trajectories and associations with maternal factors.
In conclusion, our study provides further evidence that, regardless of race, maternal prenatal metabolic factors are BMI body mass index, CI confidence interval, RR relative risk a Adjusted for maternal age, maternal race, education, insurance type, marital status, total energy intake, alcohol intake and tobacco use during pregnancy, parity, and child sex b Further adjusting for the potential mediators including birth weight, child gestational age and breastfed status associated with childhood growth trajectories and early childhood obesity risk. Clustering of maternal adverse metabolic factors was associated with a substantial increase in the risk of childhood obesity. These findings strongly suggest that early interventions targeting modifiable metabolic risk factors during pregnancy may prevent or delay the development of childhood obesity. Further adjusting for the potential mediators including birth weight, child gestational age, and breastfed status
